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Introduction
Bone marrow is a source of multipotential stem cells, including hematopoietic stem cells (HSCs) which are extensively used for the treatment of various malignant and non-malignant diseases for more than half a century (Eaves 2015; Passweg et al. 2012; Kresnik et al. 2016) . In the last 20 years, mesenchymal stem cells (MSCs) are another bone marrow cell type often applied in cell therapies as well. MSCs are gaining interest due to their role in tissue damage repair (DiMarino et al. 2013) , and for the treatment of patients with autoimmune diseases (Maria et al. 2017 ).
The complex paracrine signaling network is one of their main therapeutic mechanisms. Namely, as secretors of hematopoietic cytokines, MSCs could be infused to promote hematopoiesis after myeloablative therapy (Koç et al. 2000) . Whereas, they can also function as negative effectors and inhibit proliferation and cytotoxic action of immune cells, which could be exploited to prevent or mitigate complication of graftversus-host disease (GVHD) following allogeneic HSC transplantations. The majority of early phase clinical trials showed efficacy in the treatment of acute and chronic GVHD with MSCs (Kebriaei et al. 2009; Prasad et al. 2010) , additionally there are some reports regarding the prevention of GVHD after MSCs cotransplantation with HSCs (Ball et al. 2007; Wu et al. 2013) .
Although MSCs have been successfully isolated from almost all types of tissues, bone marrow is usually used as cell source for cell expansion in the most common clinical applications like GVHD treatment or replacement of bone tissue. For stem cell therapies, identification and quantification of the stem cell population is crucial. The identification of HSCs is a relatively simple and frequently used method (Keeney et al. 1998) , while the determination of MSC concentration before cell expansion is still a challenge. This heterogeneus population is defined as MSCs after reaching minimal criteria-being able to adhere to plastic, must be able to differentiate into trilineage cell types adipocytes, chondroblasts and osteoblasts, and cells are positive for surface markers: CD73
? , CD90 ? , CD105 ? , and negative for CD45
-and HLA-DR (Dominici et al. 2006 ). However, due to MSC rarity in tissue and the fact that surface marker expression profiles could differ between expanded cells and those in a tissue sample, there is no standardized enumeration method for MSCs before cell culturing. Since an additional marker, antigen CD271, has been described and applied as a selective phenotypic marker for MSC identification (Quirici et al. 2002; Bühring et al. 2007; Kuçi et al. 2010 (Table 1 ) and compare the concentration of both populations with the functional colony-forming unit fibroblast (CFU-F) count. Although the CFU-F assay is the most reliable indicator of a MSC count, it is time consuming and inappropriate method for the routine use. As HSCs and MSCs are situated in the same niche microenvironment of bone marrow (Boulais and Frenette 2015) , we wanted to find out if MSC amount could be evaluated on the basis of HSC concentration.
Beside adequate cell enumeration method, knowledge about the changes in the MSC counts that occur with aging is important in cell therapy planning. Therefore, we wanted to define the effect of the patient's age on the concentration of both types of the collected stem cells. Bone marrow was aspirated from one site or from three different sites and stem cells were quantitatively compared among these two different harvesting techniques.
Methods

Sample collection
Bone marrow was aspirated from 21 individuals, ten women and eleven men. For the needs of orthopaedic surgery, bone marrow was harvested from the anterior iliac crest using different aspiration techniques. In the 1st group (n = 7), the surgeon aspirated bone marrow from one harvesting site using 50 mL syringes prefilled with 4.5 mL of acid citrate dextrose solution A (ACD-A) (Fresenius Kabi, Bad Homburg, Germany) with an average total volume of 31.1 mL (range 24.5-34.5 mL). In the 2nd group (n = 13), bone marrow was aspirated from three different harvesting sites using 10 mL syringes prefilled with 1.5 mL ACD-A each. The bone marrow was aspirated to the average total volume of 32.2 mL (range 28.0-34.0 mL), with around 10 mL from each harvesting site. Only a small fraction of the collected bone marrow aspirate was analysed, the remaining sample was processed and applied back to the patient. The usage of surplus clinical samples for cell analyses was approved by the National Medical Ethics Committee number 0120-14/2016-2.
Cell counting
The concentration of white blood cells (WBCs) was determined with the haematology analyzer COULTER Ò AcÁT diff2T (Beckman Coulter, Fullerton, CA, USA).
Flow-cytometric characterization of hematopoietic stem cells
The bone marrow aspirates (n = 21) were used to evaluate the phenotype state of cells and populations of cells. The CD34
? cells (100 lL) were analysed using standardized three-color single platform variant of the ISHAGE guidelines with the addition of the viability dye 7-aminoactinomycin D (7-AAD) (Keeney et al. 1998) . Briefly, the cell samples were stained with anti-CD34 (PE), anti-CD45 (FITC) conjugated antibodies and 7-AAD, in tubes containing BD Trucount counting beads. All reagents were purchased from Becton-Dickinson (BD) (San Diego, CA, USA). After incubation (20 min at room temperature in the dark) the red blood cells were lysed with a lysing buffer (BD) for 10 min and analysed immediately using FACSCalibur TM flow cytometer and Cell Quest Pro software.
Flow-cytometric characterization of mesenchymal stem cells
Bone marrow samples (n = 21) were also analysed for mesenchymal stem cell markers using the revised ISHAGE protocol. The cell samples (200 lL) were stained with anti-CD271 (PE), anti-CD45 (FITC), and 7-AAD in BD Trucount tubes. All reagents were purchased from BD. After incubation (20 min at room temperature in the dark), the red blood cells were lysed with a lysing buffer for 10 min and analysed immediately using FACSCalibur and Cell Quest Pro software.
Bone marrow samples (n = 21) were next labeled with anti-CD45 (PE), anti-CD73 (APC), anti-CD90 (FITC), and anti-CD105 (PerCP-Cy5.5) antibodies, all from BD. Cells were incubated 20 min at room temperature in the dark, the red blood cells were lysed with a lysing buffer for 10 min, centrifuged at 400 g for 5 min, cell pellet was resuspended with DPBS (Gibco, Paisley, Scotland), and analysed immediately with BD FACSAria Cell Sorter and equivalent program software BD FACSDiva. Compensation was set using single-stained cells for each color versus unstained control. Nonspecific fluorescence was checked using isotype control. In order to determine the proper borders of fluorescent gating, fluorescenceminus-one controls were measured as well.
Hematopoietic and mesenchymal stem cell expression markers used in the study are listed in the Table 1 . Figure 1 shows the flow cytometric analysis of viable MSCs defined as CD45-/CD271? cell population (gate in the right dot plot), and the counting beads (gate in the left dot plot).
Fibroblast colony forming units assay (CFU-F)
Triplicates were seeded into 6-well culture plates at 1.25 9 10 5 , 2.5 9 10 5 or 5 9 10 5 nucleated cells/ well containing DMEM/Ham's F12 (1:1, Gibco, Paisley, UK) supplemented with 10% FBS (Gibco), 1 ng/mL bFGF (Preprotech, London, UK), antibiotics gentamycin, penicillin, streptamycin (Gibco) and 1 IU/ml heparin (B. Braun, Melsungen, Germany). The plates were incubated at standard cell culture conditions: 37°C, 5% CO 2 with media changes (without heparin) every 2-4 days. After 14 days samples were fixed with 4% formaldehyde and stained with 0.05% crystal violet (Sigma, St. Louis, MO, USA). Colonies containing C 50 fibroblastic cells were manually counted under the stereomicroscope. The concentration of the CFU-F/lL of bone marrow 
Statistical analysis
The data were analysed using the descriptive and inferential statistics of the tested samples. The data are expressed as mean, standard deviation (SD), minimum, maximum, number, p value and the coefficient of determination (R 2 ). The concentration of cells was determined (1) Flow-cytometric data were analysed using the linear or exponential curve fitting shown in a graphical form with a given R 2 value. A p value of less than 0.05 was considered significant.
Results
Bone marrow samples from 21 individuals undergoing orthopaedic surgery were collected and fresh samples were analysed using flow cytometry in order to determine the concentration and to assess the relationships between different stem cell populations. The viability of the cells for each bone marrow sample was monitored, and a minimal 95% value was obtained using 7-AAD nuclear dye. ? cell concentration was 0.018%. Subgrouped bone marrow samples were next compared using different kinds of harvesting techniques. The 1st group presents cells harvested by 1 9 30 mL aspiration (Fig. 2, black columns) , and the 2nd group presents cells harvested by 3 9 10 mL aspiration (Fig. 2, white columns) Fig. 2 .
The samples were further analyzed according to the age of the bone marrow donors and a reduction in the concentration of HSC and MSC cells was observed with increasing age of the donor (Fig. 3) .
The bone marrow samples were directly applied to the plates, and colonies with more than 50 cells were counted after 14 days of culturing. The concentration of CFU-F/lL was calculated for the bone marrow aspirates. The mean concentration of CFU-F was 1.9/ lL, ranging from 0.06 to 5.81/lL of bone marrow. The concentration of CFU-F compared to the concentration of CD45 dim /CD34 ? and CD45 -/CD271 ? cells obtained using flow cytometry, as well as the comparison between CD45 dim /CD34 ? and CD45 -/ CD271
? cells, displayed a positive slope of the linear regression curve (Fig. 4) .
Discussion
While cell markers CD73, CD90, CD105 are the most widely used markers for mesenchymal stem cell identification after their expansion in cell culture, alternate cell markers for their identification directly in bone marrow or other tissue samples are being investigated. For identifying MSC population in human bone marrow we chose cell marker CD271 in combination with CD45, leukocyte common antigen, which is not expressed on MSCs. ? cell population than in our samples, presenting 0.94%, was obtained by Kuçi et al. (2010) , and 0.29% by Flores-Torales et al. (2010) . We believe that such variability is likely due to the use of different enumeration methods or/and the analysis of relatively small number of different bone marrow donors (healthy donors, patients). At the same time it shows the complexity of the determination of this rare and heterogeneous cell population. Among all procedures for determining the number of stem cells, the CFU assay is still considered as being the most reliable tool for the enumeration of proliferating cells in biological samples. Since the method is long-lasting, it is not suitable for routine use. When comparing the mesenchymal CD45 -/CD73 ? /CD90 ? / CD105
? cells and the CD45 -/CD271 ? cells to the CFU-Fs, we found a higher correlation of the latter. The mean concentration of CFU-Fs in our study was 1.9/lL of bone marrow, which is higher than 0.612/lL measured by Hernigou et al. (2005) , and 0.28/lL reported by Cuthbert et al. (2012) . Nevertheless, the concentration of the CD45 -/CD271 ? cells obtained with flow cytometer is approximately 6.5 times higher than the concentration of MSCs measured by the CFU-F assay. This suggests that not all CD45 -/CD271
? cells could form colonies, which is in agreement with the previous results (Cuthbert et al. 2012) . In bone marrow, hematopoietic stem cells share their niche environment with many other cells including MSCs. The quantification of HSCs is a routine part of the diagnostic and transplantation procedure. In contrast, the MSC enumeration before cell expansion is not evaluated in a routine practice. We analyzed the relationship among both stem cell populations in intact human bone marrow samples. The relationship between the hematopoietic CD45 dim /CD34 ? cell concentration and CFU-Fs (Fig. 4a) or CD45 -/CD271
? cells (Fig. 4c) shows a positive linear regression. The results indicate that the standardized HSC enumeration protocol could be useful for the prediction of the MSC concentration in bone marrow. Then, the stem cell populations were quantitatively compared according to the age of the individual bone marrow donor. Many studies show that regenerative potential of HSC declines. Beside studies describing decrease in HSCs number with age (Kuranda et al. 2011; Schündeln et al. 2014; Kresnik et al. 2016) , some other studies reported an increase in HSC number or in the number of HSC subpopulations with age (Kuranda et al. 2011; Pang et al. 2011 ). In our count, the concentration of hematopoietic CD45 dim /CD34 ? cells was decreasing with age ( Fig. 3a) .
Several research projects indicate that aging is accompanied by changes in the number and differentiation potential of MSCs (Stolzing et al. 2008; Yu et al. 2011; Maijenburg et al. 2012; Beane et al. 2014 
/CD271
? cells (d) in bone marrow samples compared using two different bone marrow aspiration techniques. The 1st group aspiration technique is the collection of 30 mL of bone marrow at one harvesting site (black column); the 2nd group aspiration technique is the collection of 10 mL of bone marrow from three harvesting sites (white column), all in the anterior iliac crest. The mean with the standard deviation is presented (1st group n = 7, 2nd group n = 14) age in the dermis and epidermis (Akamatsu et al. 2016) , in our study we have determined the influence of patient's age on MSC numbers in bone marrow. From the results, a slightly negative relationship between the patient's age and the number of collected MSCs is shown in three ways-by the decrease of CD45 -/CD271 ? cells (Fig. 3b) , the decrease of CFUFs (Fig. 3c) , and the decrease of CD45 -CD73 ? /
CD90
? /CD105 ? cells (Fig. 3d) . With the knowledge on, how stem cell is number decreasing due to the age, the amount of aspirated bone marrow can be adjusted according to the age of the patient.
The initial number of stem cells also depends on the aspiration technique used to collect them from the bone marrow (McLain et al. 2005; Fennema et al. 2009 compared the amount of harvested cells (Fig. 2) . The mean number of WBCs (Fig. 2a) , CFU-Fs (Fig. 2b) , hematopoietic CD45 dim /CD34 ? (Fig. 2c) , and mesenchymal CD45
-/CD271 ? cells (Fig. 2d) was lower in the 1st group (1 9 30 mL aspiration) in comparison to the 2nd group (3 9 10 mL aspiration). The difference in CFU-Fs between both aspiration techniques was statistically significant and is probably due to the different dilutions of sample with peripheral blood during bone marrow taking. When bone marrow is harvested from multiple harvesting sites, as in the case of the 2nd group, the concentration of collected MSCs is higher as well as the number of CFU-Fs.
In conclusion, the enumeration of both stem cell types, MSCs and HSCs, shows a positive correlation between each other, a positive correlation with the number of grown CFU-Fs, and a negative correlation with the increasing age of bone marrow donor, regardless of the aspiration technique. This reflects in the recently evidenced thesis that both populations share the same spatial niche in the bone marrow microenvironment. Because MSC quantification is not evaluated in routine laboratory practice for various reasons, HSC concentrations could predict MSC concentration in the same bone marrow sample. 
